Introduction
In marine invertebrates which exhibit external fertilization, reproductive success depends on the proper interaction of fertilization proteins on the surfaces of gametes. These proteins mediate the steps in the fertilization cascade, including the interaction of the sperm plasma membrane with the egg investment, which induces the sperm acrosome reaction; interaction of the contents of the acrosome with an egg investment (usually the glycoproteinaceous vitelline layer, or VE); penetration of the egg investment by the sperm; and fusion of the plasma membranes of the two gametes. Each of these steps can exhibit various degrees of species selectivity, meaning that sperm of one species fertilize heterospecific eggs less effectively than conspecific eggs. In sea urchins, the failure of heterospecific fertilization can be attributed to the failure of acrosome-reacted sperm to bind to the egg VE. The adhesive component contributed by the sea urchin sperm is the protein bindin (Vacquier and Moy 1977 ) which species-selectively recognizes a glycoprotein receptor on the egg surface (Foltz et al. 1993) . Experiments suggest that the rapid evolution of bindin may restrict heterospecific fertilization (Glabe and Clark 199 1; Minor et al. 199 1, 1993; Palumbi and Metz 199 1; Lopez et al. 1993; Metz et al. 1994) . It has also been hypothesized that as a general phenomenon, the rapid evolution of fertilization proteins might be part of the isolating mechanism responsible for species formation in free-spawning invertebrates (Lessios and Cunningham 1990; Palumbi 1992; Metz et al. 1994) .
Abalone are free-spawning marine mollusks. Lysin is a 16kDa acrosomal protein of abalone sperm that creates a hole in the egg VE by a nonenzymatic mechanism, allowing the sperm to pass through this barrier and fuse with the egg. Purified lysin and isolated VEs can be combined and the dissolution of the VE quantitated. Lysin exhibits species selectivity in the solubilization of VE ( Vacquier et al. 1990; Vacquier and Lee 1993 ) . For example, in one comparison, 12 pg of Haliotis rufescens lysin was needed to solubilize 90% of H. rufescens VEs, whereas, 46 pg of H. cracherodii lysin was required to solubilize the same amount of H. rufescens VEs (Vacquier and Lee 1993) . Thus, the dissolution of egg VEs by sperm lysin is not a species-exclusive process. In the laboratory, interspecies fertilization can be obtained by insemination with excess quantities of heterospecific sperm ( Leighton and Lewis 1982 and there is an excess of amino acidaltering codon differences in the 2 1 possible pairwise comparisons of the seven sequences . Analysis (Nei and Gojobori 1986 ) of nonsynonymous nucleotide substitution per nonsynonymous site (Dn) and synonymous nucleotide substitution per synonymous site (Ds), for the full length of the protein, showed that positive Darwinian selection has acted on lysin's evolution (Lee and Vacquier 1992a) .
The crystal structure of the monomer of H. rufestens lysin, resolved at 1.9 angstroms, reveals a remarkably amphipathic, alpha-helical protein with three striking features (Shaw et al. 1993) . First, the amino-terminal segment of 12 residues, which is hypervariable and always species-specific, projects away from the helical core of the protein. Second, two tracks of Arg and Lys residues run the length of one face of the molecule, the placement of these residues being highly conserved among the seven species. Third, a patch of 11 hydrophobic residues, which are exposed to solvent in the crystal of monomeric lysin, is located on the opposite surface from the tracks of Arg and Lys. The conservation of hydrophobic residues and Arg and Lys tracks suggests that the lysins of the California species have the same helical bundle structure. Most of the species variation (in addition to positions 1-12) occurs in interhelical loops and the external faces of alpha-helices (Shaw et al. 1994 ). These variable regions must be those involved in the species-selective molecular recognition between lysin and the VE. Approximately 60-70 species of abalone (Haliotis) exist in the world's oceans (Lindberg 199 1) . We extended the study of the California species to species from various regions of the world to determine how lysin sequences vary interspecifically and to ascertain if positive selection occurred in species other than those found in California.
Material and Methods
Abalone testes were minced in 50% ethanol and shipped to our laboratory at ambient temperature. mRNA extraction, cDNA synthesis, and sequencing have been described (Lee and Vacquier 1992a , 1992b , 1993 . Both strands of cDNA were sequenced two to three times. In addition to the primers previously described, one new primer in the 5' untranslated region was also used ( TACACGCTACTGCAGTTGGTTG ) . Polymorphism was determined by reading sequencing gels. Two types of polymorphisms were found. In one, two bands occurred at the same position, meaning that the individual was heterozygous (HRUBR position 32 and HDAQU position 46). In the other, the two different individuals had different sequences at a certain position, meaning that both were homozygous for different lysin alleles. GenBank accession numbers for the lysin sequences are M34388-9, M59968-72, M98874-5, and L26270-7 1, 73-80, 82.
A phylogenetic tree of the 20 sequences was constructed using the minimum evolution method (Rzhetsky and Nei 1994) . Numbers by branches indicate bootstrap values ( 1,000 replications).
Nucleotide substitutions in the 190 pairwise comparisons of the 20 sequences were calculated by the method of Nei and Gojobori ( 1986) . To compensate for structural constraints on the lysin protein, the gamma distance method was used to calculate the nucleotide substitution in the first and second positions of codons (d1,2; using the computer program MEGA by Kumar et al. 1993) ) with approximation of the varying substitution rate by a gamma distribution (Nei et al. 1976 ). The gamma parameter of 0.8 was estimated from the frequency distribution of the number of nucleotide substitutions determined by the maximum-parsimony approach. For nucleotide substitution in the third codon position (d3 ), the method of Jukes and Cantor ( 1969) (H. tuberculata and H. iris) in the amino-terminal domain. Codon usage bias was calculated by the scaled x2 method (Shields et al. 1988; Moriyama and Hart1 1993) . The effective number of codons used was also determined (Wright 1990 ).
Results
Figure 1 shows the 20 aligned lysin sequences, positions -18 to -1 denoting the signal sequences and the amino-terminal residue of the mature protein denoted as position 1. The 20 mature lysins vary from 126 to 138 residues. The inferred isoelectric points vary from 9.9 to 12.2. Amino acid replacements are clustered in the amino-terminal (positions 2-15 ), carboxyl-terminal
Positive Selection on Abalone Lysin 233 (HRUFE) , and dashes are for alignment. The signal peptide spans positions -18 to -1. The amino-terminal sequences of H. rufiscens, H. corrugata, and H. tuberculata were determined by gas phase sequencing of the mature proteins. C, California; J, Japan; A, Australia; T, Taiwan; SA, South Africa: FJ, Roscoff, France, and Naples, Italy; and NZ, New Zealand. The seven (C) sequences are taken from Lee and Vacquier (1992~) (99-136)) and two internal regions ( 30-45 and 63-87 ) . Mapped onto the crystal structure of Haliotis rufescens lysin (Shaw et al. 1993 (Shaw et al. , 1994 , these replacement-rich regions consist mostly of interhelical loops and the exposed faces of helices. region (except for one C to T substitution in one individual in the 3'UTR).
Southern blot analysis of genomic DNA of H. rufescens showed that in this species lysin is a single-copy gene (Lee 1994 Lee and Vacquil 1992a) . These data suggest that positive selection is general phenomenon in the evolution of sperm lysin the genus Haliotis.
In the plot of Dn versus Ds ( fig. 3 ), as Ds exceec 20%, Dn gradually decreases to lower values than I and finally saturates probably due to constraints on 1, sin's structure. The clustering of amino acid replacl ments in the four variable regions ( fig. 1) is evidence for such structural constraint. Analysis of nucleotide sequences by the maximum-parsimony method showed the substitution rate varies among the first and second codon positions of the molecule but not among the third positions. Considering the variation of nucleotide substitution rate, the percentage substitutions per site at the first and second codon positions (d 1,2) were calculated by the gamma distance method (Kumar et al. 1993 ) and for the third position (d3) by the Jukes and Cantor ( 1969) method. The values of d 1,2 exceed those of d3 in most pair-wise comparisons-that is, they are higher than the neutral expectation ( fig. 4 )-given that dl,2 and d3 are approximates of Dn and Ds, respectively. These results suggest that positive selection acts continuously on lysin's evolution.
That is, the comparisons between not only closely related sequences but also distantly related pairs of sequences suggest that positive selection operates continuously on lysin's divergence. Irwin et al. 199 1 ) , the data show that nucleotide usage bias is lower in lysin than it is for the four other abalone genes. Table 4 presents an analysis of codon bias and effective number of codons used in lysin genes and in the other known abalone genes. The scaled x2 value from 0 (no bias) to 1 .O (maximum bias) shows that H. YUfescens lysin is slightly more biased than chymotrypsin.
The average value of scaled x2, 0.262, for the 20 sequences is considered low to slightly biased (Shields et al. 1988; Moriyama and Hart1 1993 ) . Plots of the values of Dn ( fig. 5A ) and Ds ( fig. 5 B) versus the scaled x2 for codon bias show that there is no correlation between codon bias and either parameter. The index of effective number of codons (ENC) is also indicative of low codon bias (6 1 being completely unbiased and 20 being maximum bias ; Wright 1990) . In summary, these data sug gest that nucleotide and codon usage bias in lysin gene: are not responsible for the high ratios of Dn:Ds observed in comparisons of sperm lysin sequences.
Discussion
The data presented support the hypothesis thal positive selection is a general phenomenon in the di vergence of a fertilization protein that is involved in pre. zygotic reproductive isolation between abalone species There are roughly one dozen examples of positive se. lection (see Vacquier and Lee 1993) . Most of these ex. amples are comparisons of intraspecific alleles coding for proteins involved in pathogenesis and immunity (Hughes and Nei 1993) . The single attribute that thest other examples of positive selection share with abalom sperm lysin is that they involve proteins which functior in various processes of extracellular recognition. Another important difference between these other examples o positive selection and lysin is that the others involvt highly polymorphic loci such as MHC Class I (Hugher and Nei 1988) and Class II (Hughes and Nei 1989) whereas polymorphism in lysin is low. The reason fo? the adaptive advantage of positive selection in the evo lution of these defense molecules is readily understand able. The nature of the selective force in lysin adaptatior is not readily apparent.
What proximate selective agent could be promotin! lysin's divergence? One speculation is that after a certair 
-

degree of postzygotic reproductive isolation has been established between two abalone populations, selection against the formation of inferior hybrid embryos could favor amino acid-altering mutations in lysin which would isolate the two gamete recognition systems (the reinforcement hypothesis ; Dobzhansky 1940) . This hypothesis would explain why many comparisons between lysins of sympatric species yield values of Dn:Ds > 1.
An alternative hypothesis is that one or more pathogenic microbes attacking the egg and embryo could exert indirect selective pressure on lysin. The egg VE is the outermost defensive barrier protecting the egg and embryo from microbial attack. Microbial pressure might select for changes in the VE molecules, including the putative lysin receptor. The evolution of lysin by positive selection might be an adaptive response of the sperm to the changing VE The implication of the results presented here is that positive selection acting on the divergence of a protein that governs gamete compatibility could be a factor in speciation in free-spawning marine invertebrates.
The divergence of fertilization proteins resulting in prezygotic reproductive isolation may help to explain the high number of closely related species assemblages which have evolved in the marine environment in the absence of obvious barriers to dispersal.
